ABSTRACT. Leaf litter invertebrates were sampled at eight sites, approximately 250 m apart in elevation, along an altitudinal transect extending from primary lowland rainforest to cloud forest in western Panama. The study focused on several diverse and numerically important litter invertebrate taxa (e.g., ants, spiders, and beetles) that were effectively sampled using a combination of litter sifting and test tube pitfall traps. The mean altitudinal range of species was around 500 m (standard deviation 370 m) and approximately 50% of the species characteristic of a given elevation dropped out after a 500 m change in elevation in either direction. There was no evidence for distinct altitudinal zonation in leaf litter assemblages. Both species richness and number of individuals of most taxa showed a pronounced decline in the vicinity of the upward transition to cloud forests. The data also suggest a broad mid-elevation peak in sample species richness for the litter invertebrate fauna. The implications of the results for biodiversity conservation are discussed.
INTRODUCTION
Tropical forest species with distributions confined to narrow altitudinal belts may be particularly sensitive to habitat loss and fragmentation. In fragmented landscapes, inhospitable temperature and moisture conditions or a lack of required biotic resources at other altitudes may largely restrict the movement of such species to adjacent fragments along the same altitudinal contour, potentially accelerating processes of population and species decline. Furthermore, after a deforestation event, proportionately less suitable habitat would be available to species with narrower rather than wider altitudinal ranges. Given this situation, a thorough understanding of the altitudinal distribution of tropical species is necessary to assess the effectiveness of conservation strategies for tropical montane ecosystems. Conservation strategies should emphasize the distributional patterns of invertebrates and plants as a basis for design because these taxa comprise the vast majority of species in tropical forests and typically display the highest beta diversity (Fittkau & Klinge 1973 , Wilson 1988 .
Tropical species have been suggested to be more habitat specific and have narrower tolerance ranges to physical conditions than temperate counterparts DAVID M. OLSON because of the relative uniformity of local environmental conditions in the tropics (Huey 1978 , Janzen 1967 , Pianka 1983 , Stevens 1989 . Consequently, faunal turnover along altitudinal gradients should be rapid in the tropics, and tropical organisms should display relatively narrow altitudinal ranges. Although extensive surveys of tropical invertebrates over altitudinal gradients have already yielded much information on the role of local environmental conditions, interspecific competition, historical events, and forest structure in determining local community richness and composition (Gagne 1979 , Hammond 1990 , Hanski & Niemeli 1990 , Hebert & Harmsen 1984 , Holloway 1970 , Holloway et al. 1990 , Janzen 1973 , Janzen et al. 1976 , Monteith 1985 , Monteith & Davies 1984 , Stork & Brendell 1990 , Wolda 1987 , few have looked specifically at the altitudinal range of individual species to test for the presence of these predicted trends. The leaf litter invertebrate fauna is a particularly tractable fauna for such investigations because it is easily sampled and the relatively low vagility of litter invertebrates heightens confidence in observed spatial patterns. Previous altitudinal studies of tropical soil and litter invertebrates (e.g., Atkin & Proctor 1988 , Collins 1980 , Leakey & Proctor 1987 , van der Hammen 1984 have focused on changes in biomass and relative abundance of taxa rather than species distributions. Moreover, the areal extent of sampling at each site in these studies was perhaps too low to obtain a sufficient proportion of the less common species needed for effective analyses of faunal turnover and diversity gradients. This study examined species' altitudinal ranges and faunal turnover of the leaf litter invertebrate fauna along an altitudinal transect in tropical rainforest of western Panama. An additional intent of the survey was to verify the presence of several patterns of altitudinal variation in tropical invertebrate communities observed in some previous studies. These patterns include (1) a decline in abundance and diversity of most taxa and assemblages at high elevations (e.g., Holloway et al. 1990 , Janzen 1973 , Janzen et al. 1976 , (2) a mid-elevation peak in species richness (e.g., Hebert & Harmsen 1984 , Holloway et al. 1990 , Janzen et al. 1976 , and (3) an increase in the abundance and diversity of potential ant competitors or prey (e.g., carabid beetles and spiders) at higher elevations (e.g., Janzen et al. 1976 , Monteith & Davies 1984 in conjunction with a decline in the abundance of ants with elevation. STUDY AREA AND ALTITUDINAL GRADIENT
The Caribbean slope of the Cordillera Central in western Panama (Bocas del Toro Province) was chosen for this altitudinal survey because this region still contains large tracts of primary tropical forest that extend unbroken from the lowlands to the continental divide. Sample sites were accessed along the Fortuna pipeline road or by trails crossing the divide from the Pacific slope. These forests experience some of the highest annual precipitation in Panama with a relatively equable seasonal distribution of rainfall, even through the dry season (January-April) during which the Pacific slope experiences a pronounced reduction in precipitation (CAP 1975) . The presence of abundant and aseasonal rainfall was an important consideration because the regular occurrence of dry periods can cause pronounced temporal variation in the richness and abundance of tropical invertebrate communities (Janzen & Schoener 1968 , Wheeler & Levings 1988 . The continental divide in this region is generally between 1300 m and 2000 m in elevation, with a few peaks rising over 2300 m. The transect passed through three life zones as defined by Holdridge (1967) , tropical wet forest, premontane rainforest, and lower montane rainforest. However, the altitudinal ranges of these zones in the study area have not been well documented. Hartshorn (1983) and Heaney & Proctor (1990) give a physiognomic and floristic description of comparable forests on the Caribbean slope of Costa Rica, while Holdridge (1961) and Myers (1969) describe forests further to the east along the Cordillera Central in Panama. The soils of the Cordillera Central are primarily derived from pre-tertiary granites and granodiorites (Terry 1956) .
Climate data for the Bocas del Toro region are scarce, but values can be estimated from regional climate maps (CAP 1975) . Annual rainfall averages are estimated to increase from an approximate 3000 mm in the lowlands to over 5500 mm at higher elevations (CAP 1975) . However, studies along a comparable gradient in Costa Rica, La Zona Protectora, suggest that there is a mid-elevation rainfall maximum in the vicinity of 1000 m elevation (Coen 1983 , Hartshorn & Peralta 1988 , Lauer 1989 , Loiselle & Blake 1991 . The persistent cloud layer along the transect was typically observed to be above 1050 m in elevation during the study period. Mean temperature along the transect has been estimated to be between 26-270C in the lowlands and 14-16'C at elevations above 2000 m (CAP 1975) . In general, tropical mountains experience a lapse rate of mean temperature of 0.5-0.60C per 100 m (Grubb & Whitmore 1966) .
Although mid-elevations are likely to receive the highest annual precipitation, habitats at higher elevations experience the lowest water stress. Persistent cloud cover, fog stripping, and cool temperatures at higher elevations create conditions of high relative humidity and low evaporation rates (Grubb 1977) . Waterlogged soils and thick layers of saturated moss help maintain high humidities under the cloud forest canopy (Leigh 1975 (Leigh , 1981 . Conversely, desiccating conditions for leaf litter invertebrates occur more frequently in lowland habitats due to greater evaporative rates produced by higher temperatures and more abundant sunlight. During this study, upper layers of the leaf litter along the study transect occasionally appeared dry only at elevations below 500 m. The average depth of the leaf litter and humus layer, and the organic content of the soil, all increase with elevation as cooler temperatures and waterlogged conditions slow rates of decomposition (Jordan 1985) . Montane forests also have a greater accumulation of roots on the soil surface, more dead wood, and a smaller average leaf size than lowland habitats (Leigh 1975) , but the effects of these factors on litter invertebrates are unclear. 
Experimental design
The altitudinal transect consisted of eight sample sites ranging from 300 m to 2020 m situated approximately 250 m apart in elevation, the number of sites and intervening altitude being determined on the basis of logistical constraints and a desire to achieve a high degree of altitudinal resolution (Table 1) . Some altitudinally adjacent sites were separated by substantial horizontal distance (1-20 km) due to the inaccessibility of closer localities. All transects were located in apparently undisturbed forest at least 200 m from forest edge.
Transects were designed to emphasize the sampling of representative microhabitats, such as thick accumulations of dead leaves or litter in close proximity to rotting logs, and to cover a range of sites representative of the local variation in available moisture. A combination of litter sifting and pitfall traps was employed at each site. Litter sifting collections were made along a single 180 m transect at each elevation. Each litter sifting transect was perpendicular to the slope of the site and parallel to the pitfall trap transect 10 m away. Each transect consisted of 60 samples taken 3 m apart along a straight line. The leaf litter layer from approximately 1.5 m2 of forest floor was sifted at each individual location along the transect. Thus, approximately 90 m2 of forest floor were sifted at each elevation. The litter sifted from individual plots was combined to form a single sample for each site due to the limited number of hanging sacks available for processing the material. Forty pitfall traps were placed 5 m apart along a 200 m transect that ran perpendicular to the slope. Winkler litter sifting The Winkler litter sifting method is described in detail elsewhere (Besuchet et al. 1987 , Olson 1991 , Ward 1987 . In this study, litter samples were left undisturbed in the collecting sacks for 48 h under sheltered field conditions and were subsequently picked through by hand for an hour. Few macroscopic arthropods (>1 mm) appeared to remain in the samples at the end of this treatment. The litter was sifted between 1000 and 1400 h.
Pitfall traps
The unbaited pitfall traps consisted of 18 mm diameter Kimax test tubes inserted into PVC sleeves (irrigation tubing, 19.2 mm inner diameter, see Majer 1978 for details of trap design) and a small amount of soapy water was placed in each trap to prevent invertebrates from escaping. Each trap was placed flush with the soil, or thick humus in cloud forest, with a small bit of soil placed around the tube lip to allow access to smaller organisms. A large dead leaf was placed approximately 4 cm above the mouth of each trap to shelter it from rain and reduce light. Marker flags were skewered through the leaves to hold them in position. The traps were collected after 48 h of collecting time.
Sampling bias
The litter sifting method typically yields substantially more species and individuals than pitfall traps, including many cryptozoic and hypogaeic species not effectively sampled by other standard techniques (Olson 1991) . On the other hand, pitfall traps tend to sample larger species and individuals within species (Olson 1991, personal observation) .
Sorting of samples
The samples were sorted under a dissecting microscope to the level of morphospecies, except for ants which were identified to named species when possible (Olson 1993) . Important external distinguishing characters were determined from the literature (e.g., Dindal 1990 , Mackay & Vinson 1989 ) and through consultation with specialists for particular taxa (Formicidae -W. L. Brown, C. Kugler, J. T. Longino, P. S. Ward; Coleoptera, specifically Pselaphidae, Scydmaenidae, and Staphylinidae -A. A. Grigarick, A. F. Newton; parasitoid Hymenoptera -S. Heydon; Araneae -G. W. Uetz; responsibility for any errors in species determination lies solely with the author). The use of the word 'species' in the analysis henceforth refers to morphospecies. Only adult individuals or individuals that could be distinguished by adult characteristics (e.g., immature Isopoda) were used in the study.
The analysis was limited to taxa that were deemed to be effectively sampled and that could be sorted with relative ease. Approximately 12,600 individuals were sorted and the altitudinal ranges of 718 species were estimated. The number of species, number of individuals, and the altitudinal range of each species was estimated for Araneae (spiders), Pseudoscorpiones, Isopoda, Amphipoda, Dermaptera (earwigs), Formicidae (ants, workers only), Carabidae (ground beetles), Curculionidae (weevils), Pselaphidae (short-winged mould beetles), and Staphylinidae (rove beetles). The number of species and individuals found at each elevation was recorded for Gastropoda, Chilopoda (centipedes), Diplopoda (millipedes), Hemiptera, Blattidae (cockroaches), parasitoid Hymenoptera, and Scydmaenidae (antlike stone beetles). Voucher specimens have been deposited in museum collections as follows: Staphylinidae, Pselaphidae (Field Museum of Chicago, Chicago, Illinois, USA), parasitoid Hymenoptera (Bohart Museum of Entomology, University of California, Davis, California, USA), Carabidae (National Museum of Natural History, Washington DC, USA), all other taxa (Universidad de Panama', Panama City, Panama; Museum of Comparative Zoology, Harvard University, Cambridge, Massachussetts, USA).
Data analysis
Altitudinal ranges for species were estimated by measuring the vertical distance between the highest and lowest sites where representatives of a given species were present in a sample. Species were assumed to occur at intervening elevations if they were collected in samples at some point both above and below that elevation. Although several sites are not precisely situated at 250 vertical metre intervals (the difference between sites always being from 300 m to 200 m apart in elevation), altitudinal ranges were rounded to increments of 250 m to simplify the analysis. The mean altitudinal range for species was estimated for the combined fauna of the entire altitudinal transect and for several subset taxa.
Faunal turnover was assessed by (1) calculating the fraction of each elevation's total species list that was shared with another sample, and (2) estimating the faunal similarity between adjacent sites using similarity indices. The first procedure provides a relative assessment of how rapidly a given elevation's sample fauna is lost with altitude in either direction. Quantitative similarity indices provide more accurate estimates of faunal similarity because they incorporate abundance data (Krebs 1989) . Relatively low similarity values between vertically adjacent samples may reflect transition zones between altitudinally distinct faunas. The simplified Morisita index of similarity (Horn 1966) has been recommended as one of the quantitative indices that is least influenced by differences in species richness and sample size (Wolda 1981) . For the calculation of the simplified Morisita index, the data transformation ln(ni+ 1), where ni is the number of individuals of species i in a sample, was used in order to reduce the influence of highly abundant species on index values (Wolda 1981) . In order to facilitate comparisons with similar tropical or temperate altitudinal surveys, Jaccard's index of species overlap (Krebs 1989 ), a similarity measure using only presence/absence data, was also calculated.
RESULTS

Altitudinal ranges
Fifty-five per cent of all the species examined were sampled at only one elevation, and 73% had an altitudinal range of 500 m or less (Table 2, Figure  1 ). The proportion of species within different range classes progressively decreases as range classes broaden. The mean altitudinal range for species from the entire transect fauna was approximately 500 m (SD = 390 m). The mean ranges for five subset taxa, selected for their high richness (each with >50 total spp.; Araneae, Curculionidae, Formicidae, Pselaphidae, and Staphylinidae) were all also in the vicinity of 500 m ( Table 2 ). The average altitudinal range of species showed no clear variation with altitude (Table 3) . Four of the six subset taxa analysed had their broadest mean ranges at the 1500 m site, but a cautious interpretation of these patterns is required since many sites share the same species, thereby negating a statistical assumption of independence for the mean altitudinal range of species at each elevation (see Mosteller & Tukey 1977) .
Faunal turnover
In every case but one (1500 m downhill), over half the species of each sample fauna are absent after a 500 m change in elevation in either direction (Table 4) . Figure 1. The number of species in each altitudinal range category for all tabulated species. The actual number of species is given to the left of the category block. The shading is used only for clarity. The solid lines to the right refer to species that were sampled at a single site. Only three species, a spider, isopod, and amphipod were distributed over the entire transect. Table 3 . Mean altitudinal range of species at each elevation for the entire tabulated fauna and selected subset taxa. The total number of species in each group that was found over the entire transect (S) is given. Species that were not collected at a site, but were assumed to be found there because of their presence in samples both above and below a given locality, were used in calculating the means. (Olson 1991) .
Species richness
The two prominent altitudinal patterns of species richness revealed by the data are (1) a broad peak in overall species richness in middle elevation forests with altitudinal variation in the species richness peaks for individual taxa, and (2) a marked uphill decline in species richness for most taxa between 1250 and 1500 m (Table 6, Figures 2, 3 & 4) . There is a mid-elevation peak in overall species richness at 800 m (376 spp. of tabulated taxa) followed by a modest uphill decline at 1050 m (328 spp.) and 1250 m (318 spp.). However, only three of the seven most species-rich taxa (in terms of the total species count from the entire survey) peak at 800 m: the Formicidae; Staphylinidae; and parasitoid Hymenoptera. Pselaphidae, Scydmaenidae, and Araneae have species maxima at either 1050 m or 1250 m. The fact that most of these groups display a broad peak over several sites at intermediate elevations suggests that the general richness peak cannot be entirely a consequence of random variation in samples. Patterns of ant species richness along the altitudinal gradient do not indicate a Table 6 . Number of species of each analysed taxon present in samples at each elevation. Totals for litter sifting samples and pitfall traps are given in some cases. The number of species (S) found over the entire transect is only given for the taxa for which the altitudinal range of individual species was determined. Species numbers for several groups are given only for the litter sifting samples because these taxa were poorly represented in pitfalls. clearly defined mid-elevation richness peak. The Carabidae and Curculionidae both peak at 1750 m but display considerable variation elsewhere along the transect. The majority of the other taxa also show a slight mid-elevation peak in richness, however, sampling error may have a greater effect on these patterns because of the smaller number of species involved. The similar percentage of species within an individual sample that are unique to that elevation (mean = 29%, SD = 9%) indicates that the mid-elevation richness peak cannot be due solely to an overlap of species with altitudinal distributions centred at elevations closer to the transect termini. Furthermore, the sharp decline between 1250 m and 1500 m cannot be attributed to the attenuation of a single abundant group because this pattern is evident in the majority of taxa analysed (Table 6 ).
Number of individuals
General altitudinal variation in the abundance of invertebrates (combined taxa) parallels the altitudinal variation in species richness (Tables 6 & 7) . The number of individuals per sample peaks at mid-elevations and undergoes a dramatic drop above 1250 m. Both litter sifting samples and pitfall trap samples show these patterns separately (Table 7) . The number of individuals in the litter sifting sample from 500 m is substantially lower than either of the two adjacent samples, but this is likely to be attributable to wet litter conditions during collecting (see Discussion). Most individual taxa also have a peak in abundance at intermediate elevations with a marked decline above 1250 m. The Amphipoda, Araneae, Diplopoda, Isopoda, and Staphylinidae are particularly abundant at the 800 m site. Two notable exceptions to this general pattern are seen in the Carabidae and the Curculionidae. Carabids peak in abundance at the highest elevation. The large number of individuals at 800 m is due to the extreme abundance of a single species (62 out of a total of 71 individuals). The abundance pattern of weevils (Curculionidae) is less distinct, but there appears to be a trend toward maximum abundance at higher elevations. A large proportion of the individual weevils at the 800 m site is composed of only two species (55 out of 120 total individuals).
DISCUSSION
Altitudinal range
Of the litter invertebrate species studied here, 73% had an altitudinal range of approximately 500 m or less, and 55% of all species occurred only at a single locality. Certainly some of these species show limited altitudinal ranges because they were missed in samples at other altitudes. The proportion of species missed can be estimated by calculating the percentage of species with ranges encompassing at least three sites that were missed in at least one intervening sample, 56%. This estimate is probably high because it does not distinguish between the probability of collecting a species in many as opposed to few intervening sites, and it does not consider the relative rarity of different species. Therefore, 25% may be a conservative estimate for the proportion of the litter invertebrate fauna restricted to a single altitudinal belt (defined as 250 m in this study). No comparable altitudinal surveys of temperate litter invertebrate faunas were available to test whether tropical invertebrates generally maintain narrower altitudinal ranges as predicted. It is hoped that this study can provide a comparative data set for future work. The similarity between taxa in the relative proportion of species within the eight altitudinal range classes suggests that the factors influencing the altitudinal distribution of species affect many taxa similarly, at least at this level of resolution (Table 2 ). There is no clear evidence from this survey that the average altitudinal range of species broadens with increasing elevation (Table 3 ; see Huey 1978 , Janzen 1967 .
Faunal turnover
Faunal turnover with elevation will necessarily be rapid in ecosystems where many species are restricted to narrow altitudinal belts. In this study, each altitudinal litter assemblage becomes progressively altered with elevation, with over 50% of the characteristic species being lost after a 500 m change. The fact that species steadily drop out as one moves away from a given altitude suggests that the samples do not represent subsets of the same fauna and that there is no significant zonation of litter invertebrate assemblages (Table 4) .
Although the presence of invertebrate altitudinal specialists in tropical forests is well established (De Vries 1987 , Hammond 1990 , Hanski & Niemeli 1990 , Holloway 1987 , Holloway et al. 1990 , Monteith & Davies 1984 , Stork & Brendell 1990 , there is a need for additional studies that quantify the relative importance of these species in local biotas (see Gentry 1985 , Monteith 1985 , Scott 1976 ) and provide estimates of beta diversity for comparative purposes. Replicate samples from a given site, and from more distant sites at the same elevation, would have been useful for determining potential levels of sample variation associated with sampling techniques and inter-sample distance (i.e., beta-diversity), and for assessing the relative rarity and patchiness of species at different elevations.
Although it is difficult to quantify the influence of altitude on the turnover of species in this study without more detailed information on within-site sample variation and beta diversity over horizontal distances, the low similarity values between adjacent samples in the vicinity of the 500 m to 800 m and 1250 m to 1780 m transitions suggest the possibility of characteristic lowland, intermediate montane, and upper montane litter invertebrate communities. It should be noted that the 1500 m site was located on a southern dip in the divide and was thus separated from the coast by several ridges. Though the site was directly exposed to weather coming in from the Caribbean, the habitat appeared to lack some of the floral components and physiognomic traits that were characteristic of sites on the primary Caribbean slope both above and below 1500 m. The low similarity values between the 1500 m sample and adjacent samples may be more a consequence of this spatial incongruity rather than an altitudinal effect. If one compares sites 500 m apart on either side of the 1500 m site (i.e. 1250 m and 1750 m) the similarity values are not substantially lower than values for similar comparisons downslope.
Species richness
A uniform decline in species diversity with elevation would suggest that physical parameters that vary continuously with altitude are important determinants of local diversity. Pronounced changes in local diversity over elevation might correlate with ecotones produced by sharp physical dines or edaphic gradients. In this study, the species richness and abundance of most taxa drop markedly in the vicinity of the transition from premontane rainforest to lower montane rainforest located somewhere between 1250 m to 1500 m. This forest transition is likely a consequence of the persistent immersion of these forests in the lower portion of the cloud layer (Grubb 1971) . Many invertebrates could be excluded from cloud forests because cooler temperatures, reduced solar radiation, and continuously wet substrates from rain and fog drip limit the frequency of conditions adequate for foraging for food and other resources. Cool temperatures can also slow important metabolic processes and retard or prevent the development of eggs or larvae (Brown 1973) . The waterlogged substrates, cool temperatures, and tough pachyphyll leaves of cloud forest plant species also inhibit microbial and detritivore decomposition of leaf litter (Edwards 1974 , Grubb 1977 , Swift et al. 1979 . The consequential reduction in the abundance and availability of nutrients and minerals, and the low soil and litter pH that are often associated with cool, sodden litter (Grubb 1971 , Jordan 1985 , Leigh 1975 , may further limit the quantity and diversity of resources available for invertebrate populations.
Similar declines in invertebrate species richness and abundance at high elevations in the tropics have been documented elsewhere (Carroll & Vandermeer 1972 , Collins 1980 , Hammond 1990 , Hanski & Niemeli 1990 , Hebert 1980 , Holloway et al. 1990 , Janzen 1973 , Janzen et al. 1976 , Leakey & Proctor 1987 ), but it is not always clear in these studies how closely correlated the decline is to the presence of cloud forest conditions. There is evidence that tropical tree species (Heaney & Proctor 1990 , bird species (Kikkawa & Williams 1971 , Moreau 1966 , Orians 1969 , Terborgh 1977 , Wells 1988 , and snake species richness (Scott 1976) are also significantly lower in cloud forest habitats.
Mid-elevation peak in diversity
Both species richness and abundance show broad eeaks at mid-elevations for the majority of taxa analysed. This pattern has previously been observed in several altitudinal studies of tropical invertebrate ass~emblages (Gagne 1979 , Janzen 1973 , Janzen et al. 1976 , Monteith & Davies 1984 for spiders, beetles except weevils, and Heteroptera only). Lepidoptera from peninsular Malaysia and the Indo-Australian tropics (Barlow 1988 , Hebert &\Harmsen 1984 , Holloway 1987 , Holloway et al. 1990 , and many groups of beetles in Sulawesi (Hammond 1990 ) also appear to be most species-rich in lower montane forests. However, canopy beetles were richest in upper montane forests in New Guinea (Allison et al. 1993), and Lamas et al. (1991) have reported a lowland peak for butterfly species richness along the eastern slope of the Andes in Peru after several years of extensive sampling.
Previous findings of a mid-elevation maximum for forest floor invertebrates are equivocal. An altitudinal survey of the beetle and Heteroptera fauna of the forest floor in Queensland showed no clear mid-elevation peaks for species richness (Monteith 1985) . Soil and litter samples along altitudinal transects in Costa Rica (Atkin & Proctor 1988) , Sarawak (Collins 1980) , and Sabah (Leakey & Proctor 1987) did not reveal any overall trends of mid-elevation maxima for richness or biomass of forest floor invertebrates. However, the small total area of forest floor sampled at each elevation in these studies (Atkin & Proctor 1988, 2.5 mi2; Collins 1980, 7.85 mi2; Leakey & Proctor 1987, 2 mi2) brings into question the adequ cy of the samples as indicators of large-scale altitudinal patterns of diversity. In general, the evidence in support of a midelevation peak in arthropod diversity as a general phenomenon is derived from surveys that sample extensive area.
The results here suggest that mid-elevation litter invertebrate faunas in western Panama are as rich, or richer, than adjacent lowland faunas. But it is still unclear whether the mid-elevation species peak observed in the samples reflects true community richness or is attributable to more spatial and temporal patchiness of species in the lowlands. In other words, there are more rare and patchily distributed species in the lowlands than at higher altitudes (Holloway 1987 , Holloway et al. 1990 .
If the pattern is not an artifact of sampling communities with different scales of species patchiness, several factors could potentially contribute to the presence of a peak in community richness at mid-elevations. Holloway et al. (1990) discuss the possibility that the contraction and resurgence of lowland forests during past periods of global cooling may have limited the number of lowland species of Lepidoptera. Net primary productivity may be greatest at intermediate elevations because local climatic conditions are most favourable for plant growth, and this would be reflected in an elevated species richness at higher trophic levels (arguments reviewed in Chang 1968 , Janzen 1973 , Janzen et al. 1976 , Terborgh 1977 . Middle elevations may constitute the most productive altitudinal zone for non-phytophagous leaf litter invertebrates because leaf fall, the primary resource base for litter communities, may be greatest in lower montane forests (see Leigh 1975 , Woods & Gallegos 1970 . There is also some evidence that tree species are richest at intermediate elevations (Heaney & Proctor 1990 , but see Gentry 1988 . High tree diversity could produce a greater variety of litter resources and conditions for litter invertebrates. The uniformly moist and warm conditions of middle altitudes are likely to be particularly conducive to decomposer and detritivore activity (Grubb 1971 , Leigh 1975 , Terborgh 1977 , as well as for the growth of fungi and bacteria that are important foods for a variety of tropical litter invertebrates (Fittkau & Klinge 1973) .
Much of the elevated richness at mid-elevations could be due to higher numbers of predator and parasitoid species (which include most of the taxa examined in this study) that are supported by an increased abundance of prey or hosts (Janzen et al. 1976 ). The persistently warm and moist litter of lower montane forests may provide optimal conditions for maintaining dense populations of the latter.
Gentry (1982, 1988) suggests that there is a positive correlation between annual precipitation and the species richness of plants in different tropical forest communities, and that this relationship is strongest where rainfall is evenly distributed throughout the year. The species richness of a variety of other taxa, including invertebrates, appears to follow the richness trends observed for tropical plant communities (Gentry 1982) . Because middle elevation forests may sustain the highest, and most aseasonal, annual precipitation (see Coen 1983 , Hartshorn & Peralta 1988 , local invertebrate species richness may also be determined by some set of factors related to the rainfall regimen at middle elevations.
m drop in richness
Some taxa show a drop in species richness and abundance from 300 m to 500 m, before increasing substantially at 800 m. This drop is likely to be an artifact of inclement weather at 500 m during the sampling period. Litter invertebrates that have difficulty in feeding or moving in wet litter may burrow into the soil layer or remain within their nests during heavy rains. Wet litter can also cause small invertebrates to stick to leaf fragments during the sifting process and inhibit their movements in the collection sacks. Although additional sampling within and between sites is necessary to clarify the importance of sample variation and short-term climatic effects on the observed patterns, I attribute the 500 m dip primarily to the wet litter conditions because (1) the 500 m site was the only site with wet leaf litter during the sifting process, (2) pitfall traps do not show a marked decrease in species or individuals at 500 m, and (3) the taxa with the largest proportional decline in the 500 m litter sample are generally quite small organisms (e.g., Pselaphidae, Pseudoscorpionidae, Scydmaenidae, and dacetine ants) that would be most affected by water droplets and surface tension.
Ecological replacement
The great abundance and diversity of tropical ants (Holldobler & Wilson 1990 , Janzen 1973 , Janzen et al. 1976 , Levings & Windsor 1982 , Stork 1987 , Willis 1976 , Wilson 1987 , and their utilization of a wide variety of food types and nest sites (Carroll & Janzen 1973 , H6lldobler & Wilson 1990 ) make them dominant predators and competitors for resources in tropical lowland forests. Ant competitors and prey species (e.g., carabid beetles, spiders, larvae of Coleoptera and Diptera) may be relatively more diverse, more abundant, and display less resource specialization as a consequence of the dramatic reduction in ant abundance and diversity at high elevations in the tropics (see Darlington 1971 , Brown 1973 , Janzen 1983 , Stork & Brendell 1990 . Both Carabidae and Curculionidae show an increase in species richness and abundance in samples at higher elevations in this study. A similar altitudinal pattern has been reported for carabid beetle density in canopy trees in Sulawesi (Stork & Brendell 1990) , and for forest floor Curculionidae and Carabidae abundance and species richness in tropical Queensland (Monteith & Davies 1984) . Given the high degree of microhabitat specificity shown by lowland Carabidae (Erwin & Adis 1982, T. Erwin, pers. comm.) , it is possible that Carabidae from upper montane forests may be less patchy in their local distribution (sensu Holloway 1987) because more uniform moisture conditions and lower densities of prey at higher elevations may select for species that are habitat generalists. Reduced competition from ants in the montane leaf litter may also have allowed a shift towards more terrestrial habits in many carabid species.
Implications for conservation
There are several implications for biodiversity conservation from this study: (1) The high rate of species turnover for litter invertebrates along the elevational gradient suggests that a substantial proportion of the species in moist tropical mountains is restricted to narrow altitudinal belts. Others have found similar patterns (Hammond 1990 , Holloway et al. 1990 , Monteith & Davies 1984 , Stork & Brendell 1990 . If one of the goals of biodiversity conservation is to preserve as many representative habitats or distinct faunal assemblages as possible, then greater emphasis should be placed on maintaining intact tracts of tropical forest that span a range of elevations. Further impetus for this strategy is provided by studies revealing the importance of contiguous forests over a wide altitudinal range for migrating mammals, birds, and insects (e.g., Janzen 1986 , Levey & Stiles 1992 , Loiselle & Blake 1991 , Powell & Bjork 1993 , Stiles 1985 .
(2) Narrow altitudinal corridors of tropical moist forest may contain an insufficient amount of habitat to maintain viable population sizes and critical population dynamics of altitudinally restricted species of invertebrates and plants. ( 3) The relatively continuous turnover of species and the lack of distinct altitudinal zonation in litter invertebrate assemblages along the altitudinal gradient suggest that broad classifications of tropical forests based on physical conditions (e.g., altitude and rainfall) or general forest structure may be inappropriate for defining invertebrate communities. Protected area designs that attempt to maximize representation may be more effective if they are based on assumptions of gradual ecological change with altitude rather than the sharp ecotones apparent in most ecological maps. (4) If species lists are used as a criterion for prioritizing areas for conservation action, then it is important to take into consideration the role of altitude in influencing local and regional richness. (5) Middle elevation forests may be the richest in species for many invertebrate taxa, and perhaps for other groups as well. Conservation of these forests may be particularly difficult since the equable climes of intermediate altitudes are also preferred by people and are favourable for agriculture. Efforts to preserve these rapidly dwindling forest belts should be given high priority.
